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Abstract
In iteroparous species high investment in current reproduction is usually paid in terms of
reduced future reproduction and increased mortality. However, the proximal mecha-
nisms of these costs remain poorly understood. Free radicals arising as by-products of
normal metabolic activities have deleterious effects on cellular proteins, lipids and DNA,
and this phenomenon is known as oxidative stress. Since reproduction is an energetically
demanding activity, which increases both basal and field metabolic rates, one could
expect that breeding effort generates an oxidative stress whose strength depends on the
availability and efficiency of antioxidant defences. In agreement with this prediction, we
show here for the first time that reproduction decreases antioxidant defences, illustrating
that oxidative stress represents a cost of reproduction. We suggest that increased
susceptibility to oxidative stress might be a general proximal connection between
reproduction and survival underlying other mechanistic links previously acknowledged.
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I N T R O D U C T I O N
A major assumption of models on the evolution of life
histories is that increased allocation of energy/resources
into one function cannot be achieved without diverting
energy/resources from another function (Stearns 1992). In
other terms, according to these models, life history traits are
linked in a way that impedes the evolution of Darwinian
demons (Law 1979).
A classic example of such trade-offs is the cost of
reproduction, where elevated breeding effort leads to
lowered subsequent fecundity or survival (Stearns 1992).
The cost of reproduction has been broadly measured in
terms of its ultimate consequences (negative impact on
future survival or fecundity, Reznick 1992), however, the
underlying proximate physiological mechanisms have only
been investigated in the last years (Rose & Bradley 1998;
Zera & Harshman 2001; Barnes & Partridge 2003).
Although most models of life history evolution are based
on the principle of energy/resource allocation (e.g. Reznick
et al. 2000), the currency that is actually traded against
conflicting functions is still under debate (Zera & Harshman
2001; Barnes & Partridge 2003). The most obvious link
between reproduction and survival is energy (Rogowitz
1996; Niewiaroski 2001). Energy allocated to reproduction
is no longer available for self-maintenance, and as the
amount of energy allocated to reproduction increases, the
magnitude of the survival cost also increases. However, this
energy allocation model has been recently challenged in the
light of results on the genetic control of development and
ageing in organisms as diverse as nematodes (Caenorhabditis
elegans) and laboratory mice (Gems et al. 1998; Clancy et al.
2001; Holzenberger et al. 2003). Similarly, the so-called
income breeder species (species that do not rely on energy
reserves to start breeding) should be less sensitive to such
energy-based trade-offs (Stearns 1992). Finally, although the
cost of reproduction is paid in terms of energy, it is still
unclear which vital functions of self-maintenance are
involved in the trade-off.
Recently, much emphasis has been devoted to the role of
immunosuppression and the related increase of parasitism
risk as a proximate cost of reproduction. Costly sexual
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activities have been shown to compromise immunity in both
invertebrates (McKean & Nunney 2001) and vertebrates
(Deerenberg et al. 1997). These results have been interpreted
as evidence of the energy/resource trade-off between
reproduction and survival, since reproduction diverts energy
from the immune system. However, the energetic demands
of the immune system have also been recently challenged
(e.g. Ra˚berg et al. 1998; Svensson et al. 1998), and although
the activation of the immune system does induce an increase
of the basal metabolic rate (Martin et al. 2002), it is still
unclear whether this increase is enough to produce an
energetic trade-off.
Here we suggest that increased susceptibility to oxidative
stress might represent a general form of proximate cost of
reproduction, independent of energy allocation. Oxidative
stress is defined as an unbalance between the production of
reactive oxygen species (ROS) and antioxidant compounds
(Finkel & Holbrook 2000). ROS are by-products of normal
metabolic activities (Finkel & Holbrook 2000). They are
generally unstable and very reactive (Fang et al. 2002). Thus,
they have a damaging effect on the principal bio-molecules
such as DNA, proteins and lipids (Finkel & Holbrook
2000). However, a number of endogenous and exogenous
antioxidant defences exist, which scavenge ROS and limit
their toxic effect (Surai 2002). The balance between ROS
production and antioxidant defences determines the extent
of the oxidative stress, the greater the production of ROS
and the lower the antioxidant defences, the greater the
oxidative stress. The role played by ROS in the ageing
process has been recognized since long-time (Harman
1957). According to the free radical theory of ageing, the
accumulation of ROS-induced damages through time would
be the causal agent of the age-associated decline in
performance (Finkel & Holbrook 2000; Kirkwood &
Austad 2000). Surprisingly, however, the link between
reproduction and oxidative stress has been only recently
suggested (von Schantz et al. 1999; Salmon et al. 2001; Wang
et al. 2001). It is well established that reproduction needs
energy from the production of gametes to the raising of
offspring (Zera & Harshman 2001). Reproduction also
increases activity in several species. As a consequence,
reproduction increases energy expenditure through elevating
both basal and field metabolic rate (Angilletta & Sears 2000;
Nilsson 2002). Since higher metabolism results in more
ROS produced, one might expect that, unless the antioxid-
ant defences also increase, reproduction should enhance the
susceptibility to oxidative stress. To test this hypothesis, we
manipulated breeding effort in captive zebra finches and
investigated whether higher effort induces a reduction in the
organismal resistance to a standardized free radical attack. In
agreement with the prediction, we found that breeding
effort was positively correlated with increased susceptibility
to oxidative stress.
M A T E R I A L S A N D M E T H O D S
General procedures
The study was conducted on captive zebra finches
(Taeniopygia guttata) that had never bred before and that
were all less than 1-year old. Forty-six randomly formed
pairs were placed in breeding cages (0.6 · 0.4 · 0.4 m) with
food (a commercial mix of seeds for exotic birds) and water
ad libitum. A nest box and straw were provided for breeding,
a blood sample was collected from the brachial vein, and the
body mass measured (±0.1 g). The breeding cages were
maintained in a room with constant temperature (21 ±
1 C) and a light-dark daily cycle (13L : 11D). Thirty-six
pairs bred and their brood size was manipulated as to create
two groups: (i) pairs raising a two-chicks brood (n ¼ 20); (ii)
pairs raising a six-chicks brood (n ¼ 16). Brood size was
manipulated when nestlings were 2-days old in order to
disrupt the natural covariation between brood size and
parental quality. Initial clutch size did not differ between the
groups that further received two or six chicks (two chicks:
mean ± SE ¼ 4.85 ± 0.22 eggs; six chicks: 4.88 ± 0.46
eggs; F1,34 ¼ 0.002, P ¼ 0.963). The 10 additional pairs did
not breed during the course of the experiment. A second
blood sample was collected for each individual when
nestlings were 14-days old. For non-breeding individuals,
the second blood sample was collected when the nestlings
of the last breeding pair were 14-days old. Body mass
(±0.1 g) was again measured at the time of the second blood
sampling. Two females (one in the non-breeding and one in
the six-chick group) died during the course of the
experiment and were therefore not re-sampled. As non-
breeding pairs might be a non-random sample of the
total population, we checked whether there was a
difference in body mass and antioxidant defences
between the three groups (non-breeders, two-chicks, six-
chicks). Neither body mass nor antioxidant defences
differed among the three groups suggesting that initial
conditions were similar for all birds (Table 1; body mass:
breeding effort group: F2,84 ¼ 1.25, P ¼ 0.291; sex,
F1,84 ¼ 0.35, P ¼ 0.556; sex · breeding effort group:
F2,84 ¼ 0.46, P ¼ 0.630; antioxidant defences: breeding
effort group: F2,84 ¼ 2.70, P ¼ 0.073; sex, F1,84 ¼ 9.43,
P ¼ 0.003; sex · breeding effort group: F2,84 ¼ 0.81,
P ¼ 0.447).
Assessment of total antioxidant defences
The total antioxidant defences in whole blood were assessed
as the time needed to haemolyse 50% of the red blood cells
exposed to a controlled free radical attack. We used the
KRL test (Brevet Spiral V02023, Couternon, France;
http://www.nutriteck.com/sunyatakrl.html) adapted to bird
physiological parameters (osmolarity, temperature). The
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principle of the test is to submit whole blood to a thermo-
controlled free radical aggression [2,2-azobis-(aminodino-
propane) hydrochloride (AAPH)] (Rojas Wahl et al. 1998).
All families of free radical scavengers present in the blood
are mobilized to fight off the oxidant attack (Pieri et al. 1996;
Girodon et al. 1997; Lesgards et al. 2002; Stocker et al. 2003).
Twenty microlitres of blood were immediately diluted in
730 lL of KRL buffer (150 mM Na+, 120 mM Cl), 6 mM
K+, 24 mM HCO3
), 2 mM Ca2+, 340 mosm, pH 7.4).
Samples were stored at 4 C before analysis, which occurred
within 24 h following blood collection. Eigthy microlitres of
KRL-diluted blood were incubated at 40 C with 136 lL of
a 150 mM solution of AAPH. The lysis of red blood cells
was assessed with a microplate reader device, which
measures the decrease of optical density at the wavelength
of 540 nm.
Statistical analyses
Change in body mass (percentage-wise change of initial
body mass) was assessed using a mixed model of variance
with sex and breeding effort group as fixed factors and
the cage identity as a random factor. Change in
antioxidant defences (percentage-wise change of initial
antioxidant defences) was assessed using a mixed model
of covariance with sex and breeding effort group as fixed
factors, change in body mass as a covariate and cage as a
random factor. Statistical analyses were performed
with SAS (proc MIXED, version SAS 8.2; SAS Institute
2001).
R E S U L T S
Increasing breeding effort induced a cost in terms of body
mass loss for both males and females. Males showed an
increase in body mass loss across the three breeding effort
groups; whereas females lost a high proportion of initial
body mass only when feeding a large brood (Fig. 1). This
resulted in a statistically significant interaction between sex
and breeding effort group (Table 2).
As for body mass, the effect of breeding effort on the
change in resistance to oxidative stress was statistically
different between sexes (Table 3). Scheffe´s post-hoc com-
parisons showed that males raising a six-chicks brood
suffered a significant reduction in antioxidant defences
compared with non-breeding and two-chicks brood males
(P ¼ 0.013 and P ¼ 0.010, respectively; Fig. 2). Conversely,
non-breeding females differed significantly from the other
two groups (P ¼ 0.003 and P ¼ 0.043, respectively),
whereas the difference between females in the two and
six-chick brood groups was not statistically significant
(P ¼ 0.594; Fig. 2).
Table 1 Initial values of body mass and resistance to oxidative stress (time needed to haemolyse 50% of the red blood cells exposed to a
controlled free radical attack) for male and female zebra finches in the three breeding effort groups (non-breeding, two-chicks brood, six-
chicks brood)
Non-breeders Two-chicks brood Six-chicks brood
Male
(n ¼ 10)
Female
(n ¼ 10)
Male
(n ¼ 20)
Female
(n ¼ 20)
Male
(n ¼ 16)
Female
(n ¼ 16)
Body mass (g) 17.87 (1.06) 16.81 (0.77) 16.36 (0 .62) 16.72 (0.60) 16.27 (0.65) 15.89 (0.69)
Resistance to oxidative stress (min) 63.65 (2.26) 56.83 (3.11) 65.96 (1.66) 63.34 (2.05) 69.09 (1.38) 61.96 (2.50)
Values are mean (SE).
Figure 1 Percentage-wise change in body mass for male and
female zebra finches experiencing different levels of breeding
effort. Bars represent SE.
Table 2 Mixed model of variance on change in body mass (%)
with sex and breeding effort group as fixed factors and cage as a
random factor
d.f. F-value P-value
Sex 1,40 5.55 0.024
Breeding effort group 2,40 5.79 0.006
Sex · breeding effort group 2,40 4.87 0.013
Random factor Z P-value
Cage 2.34 0.010
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D I S C U S S I O N
To our knowledge, this is the first experimental evidence
indicating that reproduction influences the total antioxidant
defences in a vertebrate species. Given the role played by
free radicals on the ageing process (Finkel & Holbrook
2000), our results highlight a potential mechanism linking
reproduction to longevity. The cumulative effect of oxida-
tive stress across the reproductive life span might therefore
explain the age-associated decline in performance com-
monly observed in iteroparous species (Kirkwood & Austad
2000).
Interestingly, males and females differed in their response
to the manipulation of breeding effort both in terms of
body-mass change and change in resistance to oxidative
stress. The change in resistance to oxidative stress of
breeding females was much lower than non-breeding
females, whereas resistance of breeding males was reduced
only when they were forced to raise a large brood. Although
differential sex-related body mass regulation during repro-
duction has been broadly reported in animals (Velando &
Alonso-Alvarez 2003), sex-related differences in the impact
of breeding effort in terms of resistance to oxidative stress
has never been reported. Such difference might reside in the
sex-specific use of antioxidant defences, such as carote-
noids, which are allocated to eggs by females (Royle et al.
2003) and immobilized in the keratin of the beak by males to
produce a sexually selected trait (Blount et al. 2003; Faivre
et al. 2003). Whatever the physiological reason for this
difference between sexes, our results suggest that males
might be more vulnerable to an increase in breeding effort,
in terms of decrease in antioxidant defences, than females.
Obviously, further experimental work and replication of the
present study using different organisms are needed to draw
a firm conclusion.
The cost of reproduction is one of the central concepts of
the evolution of life histories (Stearns 1992). Although
energy-based models have been widely used to describe the
currency of reproduction costs, the precise mechanistic
bases of this trade-off have been rarely studied (Zera &
Harshman 2001; Barnes & Partridge 2003). The most
commonly evoked mechanistic link between reproduction
and survival is energy. The nematode C. elegans has become
one of the favourite model systems for the study of the
genetic control of development, reproduction and ageing.
Mutations in the genes of the insulin/IGF-like signalling
pathway produce phenotypes that reallocate nutrients from
reproduction to somatic maintenance, in agreement with the
idea of a energy-based trade-off between reproduction and
survival (Kenyon et al. 1993; Sze et al. 2000; Braeckman et al.
2001; Gems & Partridge 2001). More recently, however, this
view has been challenged by other results which suggest that
the trade-off might be controlled by two distinct signalling
mechanisms, independent of energy (Hsin & Kenyon 1999;
Leroi 2001; Arantes-Oliveira et al. 2002). Interestingly,
similar results have been obtained with heterozygous
knockout mice with inactivated IGF-1R (insulin-like growth
factor type 1 receptor). These mice live longer than the wild-
type whereas their fertility and reproduction are unaffected
(Holzenberger et al. 2003). Although still debated (Barnes &
Partridge 2003; Lithgow & Gill 2003), these results
underline the necessity to integrate a better knowledge of
the mechanistic bases of life history trade-offs into
evolutionary models.
In this paper, we suggest that increased susceptibility to
oxidative stress might be another mechanistic link between
reproduction and survival, not directly dependent on
energy-allocation. It is doubtless that reproduction requires
energy (Zera & Harshman 2001), and in order to fulfil such
requirements, both basal and field metabolic rates are
increased (Nilsson 2002). Higher metabolism inevitably
Table 3 Mixed model of covariance on change in resistance to
oxidative stress (%) with sex and breeding effort group as fixed
factors, change in body mass (%) as a covariate, and cage as a
random factor
d.f. F-value P-value
Sex 1,39 4.02 0.052
Breeding effort group 2,39 7.01 0.003
Sex · breeding effort group 2,39 5.37 0.009
Body mass change 1,39 7.64 0.009
Random factor Z P
Cage 0.77 0.222
Figure 2 Body mass independent changes in antioxidant defences
of whole blood for male and female zebra finches experiencing
different levels of breeding effort. Bars represent SE.
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corresponds to higher oxygen consumption and higher ROS
production (Loft et al. 1994). ROS are very unstable
compounds with potential damaging effect on cells and
molecules such as DNA, proteins and lipids (Finkel
& Holbrook 2000). Surprisingly, despite the suspected
role of ROS on ageing, the connection between ROS
and the cost of reproduction has only recently been put
forward.
Two recent studies carried out on Drosophila melanogaster
showed that dietary (adding yeast to food) or hormonal
manipulations (exposure to a juvenile hormone analogue)
stimulated egg production and accelerated mortality (all flies
died) after exposure to paraquat (a toxic compound used as an
herbicide which generates oxygen radicals; Salmon et al. 2001;
Wang et al. 2001). Although these studies did not directly
manipulate reproductive effort and did not directly assess
oxidative stress, the results are suggestive of a link between
reproduction and increased susceptibility to ROS. We believe
that our study goes further in showing the causal relationship
between reproduction and oxidative stress for a number of
reasons. We directly manipulated breeding effort in both
males and females in a vertebrate species with biparental care,
which allowed to assess sex-specific effects. Moreover, we
used an assay of susceptibility to oxidative stress which
provides an overall assessment of antioxidant defences
mobilized to fight off a controlled free-radical attack,
therefore avoiding any indirect toxic effect of the method.
Among the possible implications of our results, we
suggest that increased oxidative stress due to reproductive
effort could also contribute to explain breeding immuno-
suppression. Indeed, it has been shown that increased
breeding effort compromises the functioning of the immune
system and enhances the risk of parasitism (Deerenberg
et al. 1997; Nordling et al. 1998). Courting, mating and
feeding young are all activities which require physical effort
and exercise. During exercise oxygen consumption can
increase several times above the resting levels with a
subsequent increase in the rate of mitochondrial free radical
production (Alessio 1993). Free-radicals can damage DNA,
including leucocyte DNA. Direct support to this hypothesis
comes from studies on humans showing the effect of
exercise (running a marathon) on the degree of unrepaired
DNA base oxidation in leucocytes and a concomitant
increase in the urinary excretion of 8-hydroxy-2-deoxy-
guanosine (the most abundant product of oxidative DNA
modifications) (Tsai et al. 2001). Therefore, free-radical
production during activity can explain the reduced per-
formance of the immune system, independently of the
energetic demands associated with the maintenance of
immune functioning. Obviously, we need more experimen-
tal work on this issue to establish the relative contribution of
energetic trade-offs or free-radical mediated trade-offs on
immunosuppression.
In conclusion, we suggest that increased susceptibility to
oxidative stress might be a general form of cost of
reproduction which might uncover other physiological link
between reproduction and survival.
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